Two-headed sphingolipids from marine sponges are striking because of their rare a,w-bifunctionalized structures and high biological activity. The first compound of this series was rhizochalin (Rhz) (Fig. 1) , isolated in 1989 by our group from the Madagascarian sponge Rhizochalin incrustata. 6) The group of two-headed sphingolipids includes a limited number of compounds: Rhz, Rhz A, Rhz C, Rhz D and rhizochalinin A from the marine sponge Rhizochalina incrustata, [6] [7] [8] [9] [10] oceanapiside from Oceanapia phillipensis, 11) oceanalin A, Rhz B, and rhizochalinin B from Oceanapia sp., 7, 12) calyxoside from Calyx sp., 13) leucettamols A and B from Leucetta leptorhapsis 14) and compound BRS1 from an unidentified sponge. 15) Their structures have been established on the basis of spectroscopic data and chemical transformations. Previous investigation of the biological properties of two-headed sphingolipids revealed antibacterial activity of Rhz against Staphylococcus aureus and cytotoxic activity against mouse Ehrlich carcinoma cells (IC 50 , 10 mg/ ml). 6) Another analogue of Rhz, calyxoside is a selective DNA-damaging agent, but lacks inhibitory activity against topoisomerase I or II. 13) Oceanalin A and oceanapiside exhibit significant antifungal activity against the pathogenic
Differential Induction of Apoptosis of Leukemic Cells by Rhizochalin, Two Headed Sphingolipids from Sponge and Its Derivatives
fluconazole-resistant yeast Candida glabrata. 7, 14) Compound BRS1 was shown to inhibit protein kinase C. 15) Studies on the structure-activity relationships of natural products or synthesized analogs as cytotoxic agents provide insight on the mechanism of action of these toxins. The aim of the present work was to investigate the antileukemic activity of several compounds, including Rhz and its derivatives such as aglycon of Rhz (AglRhz), Rhz peracetate (AcRhz), peracetylaglycon of Rhz (AcAglRhz), and aglycon of Rhz A (AglRhz A).
MATERIALS AND METHODS
Chemicals Annexin-V was obtained from BD Biosciences Clontech (Palo Alto, CA, U.S.A.). Anti-poly (ADP ribose) polymerase (PARP) and anti-Bid antibodies were purchased from Santa-Cruz Biotechnology (Santa Cruz, CA, U.S.A.). Antibodies against procaspases-3, -9, -8, and b-actin, were purchased from Cell Signaling Technology (Beverly, MA, U.S.A.). The inhibitors benzyloxycarbonylAsp(OMe)-Glu(O-Me)-Val-Asp(O-Me) fluoromethyl ketone (z-DEVD-fmk), benzyloxycarbonyl-Ile-Glu-Thr-Asp(OMe) fluoromethyl ketone (z-IETD-fmk), and benzyloxycarbonylLeu-Glu-His-Asp(OMe) fluoromethyl ketone (z-LEHD-fmk were purchased from Calbiochem (San Diego, CA, U.S.A.). Unless stated otherwise, all other chemicals were purchased from Sigma (St. Louis, MO, U.S.A.).
Purification of Rhz or Its Analogs and Preparation of Its Derivatives
The chemical structures of Rhz and its derivatives are shown in Fig. 1 . The chemicals were extracted, purified, and prepared as described previously. 7, 9) Cell Culture Human promyelocytic HL-60 cells and human acute monocytic leukemia THP-1 (THP-1) cells were obtained from the Korean Cell Line Bank (Seoul National University, Seoul, Korea) and maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 mg/ml streptomycin, and were incubated at 37°C in a humidified atmosphere of 95% air/5% CO 2 .
Neutral Red Release Assay Cytotoxicity was studied using the neutral red release assay according to Borenfreund and Puerner. 16) The neutral red release assay is an in vitro viability test, based on the incorporation of neutral red stain into the lysosomes of viable cells. Briefly, 1ϫ10 4 exponentially growing cells were seeded in 96-well plates with Rhz or Rhz derivatives for 24 h. Cells were washed with 200 ml phosphate buffered saline (PBS), and filtered neutral red stock solution (4%, w/v, 0.9% NaCl) was diluted 1 : 60 in serum-free media and added to each well. After 4 h incubation, cells were washed twice and 150 ml of lysing solution was added (50%, v/v, ethanol with 1% , v/v, acetic acid) to the wells. Absorbance at 540 nm was measured using a spectrophotometric microplate reader. All results were expressed as percentage of viable cells.
Cell Cycle Assay Rhz-treated cells were harvested, suspended in PBS, and fixed with ice-cold 70% ethanol for at least 3 h. Fixed cells were stained with propidium iodide (PI) at 37°C for 45 min. DNA content of cells (10000 cells per experimental group) was analyzed by a fluorescent activated cell sorter (FACS) caliber flow cytometer (BD) using Lysis II and CELL-FIT programs (BD).
Apoptosis Assay The extent of apoptosis was evaluated by annexin V-fluorescein-isothiocyanate (FITC), binding using the apoptosis detection kit. Briefly, HL-60 cells were treated with different concentrations of Rhz or derivatives for 24 h. The concentration of the sphingolipid stock solutions was adjusted so that the final concentration of dimethylsulfoxide in the culture medium was 0.1%. In control cultures or cultures without sphingolipids, dimethylsulfoxide (0.1%) was added as a vehicle control. After incubation, cells were harvested, washed with PBS, centrifuged, and stained with annexin V-FITC and PI in binding buffer (10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes), pH 7.4/140 mM NaCl/2.5 mM CaCl 2 ) for 15 min in the dark. The samples were analyzed by flow cytometry using a FACScan flow cytometer. Data analysis was performed using CellQuest software (Becton-Dickinson, CA, U.S.A.).
Western Blot Analysis HL-60 cells treated with sphingolipids for 24 h were harvested, washed with ice-cold PBS, and treated with lysis buffer containing 20 mM Tris (pH 8.0), 137 mM NaCl, 1.5 mM MgCl 2 , 1 mM ethylene glycol tetraacetic acid (EGTA), 10% glycerol, 1 mM NaF, and 1% Triton X-100 accompanied by protease inhibitors (1 mM phenylmethylsulfonylfluoride, 20 U/ml aprotinin). The concentration of protein in each lysate was determined using the Bio-Rad Protein Assay Reagent (Bio-Rad Lab., Richmond, CA, U.S.A.) following the manufacturer's protocol. Then, 25 mg of proteins were separated by 12% SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes (Amersham Life Science, Inc., Piscataway, NJ, U.S.A.). The membranes were blocked with a blocking buffer (10 mM Tris HCl, 0.15 M NaCl, 0.1% NaN 3 , and 5% skim milk) for 1 h at 25°C and incubated with primary polyclonal antibodies directed against procaspases-3, -8, -9, PARP, Bid, or b-actin (1 : 1000 dilution) in a blocking buffer overnight at 4°C. The membranes were incubated with the secondary antibodies for 1 h at 25°C. The signals were detected using ECL chemiluminescence (Amersham, Buckinghamshire, U.K.) following the manufacturer's instructions. The integrated optical density for the protein band was calculated using a Kodak Imaging Program and Image-Pro-Plus (IPP) software (Eastman Kodak Company, New Haven, CT, U.S.A.).
Mitochondrial Permeability Assay Rhz-treated HL-60 cells (1ϫ10 6 /ml) were exposed to 40 nM of 3,30-dihexyloxacarbocyanine iodide [DiOC 6 (3), Molecular probes] for 30 min at 37°C and then washed with PBS. Stained cells were analyzed by flow cytometry.
Statistical Analysis Data are expressed as meanϮstan-dard deviation (S.D.). Analyses were carried out using Student's t-tests. A p value of Ͻ0.05 was considered significant.
RESULTS

Cytotoxic Effects of Two-Headed Sphingolipids
In the present study, we used HL-60 cells to test for anti-leukemic activity of five different compounds, the so called twoheaded sphingolipids. These included Rhz and its derivatives AglRhz, AcRhz, AcAglRhz, and AglRhz A. To explore the effect of Rhz on leukemic cell viability, HL-60 cells were cultured with 10 mM of Rhz or its derivatives for 24 h and cell viability was measured using the neutral red release assay. As shown in Fig. 2A , AglRhz and AglRhz A more potently inhibited cell viability than Rhz, AcRhz, or AcAglRhz. To further compare the effect of Rhz on cell cycle progression, Rhz-treated HL-60 cells were subjected to the flow cytometric analysis of cell cycle distribution. The cytotoxic concentration of AglRhz and AglRhz A increased the sub-G 1 fraction (Fig. 2B) .
Apoptotic Effect of Rhz and Derivatives on HL-60 Cells Next, we tested whether Rhz or its derivatives induce apoptosis of HL-60 cells using annexin-V/PI staining. The basic compound Rhz started to induce apoptosis in HL-60 cells at a concentration of 10 mM (33%, total apoptosis; 27% early apoptotic cells plus 6% late apoptotic and early necrotic cells). The proportion of apoptotic cells was increased in a dose-dependent manner up to 25 mM (86%, total apoptosis; 26% early apoptotic cells plus 60% late apoptotic and early necrotic cells) during a 24 h incubation (Fig. 2C ). AcRhz had a similar effect on HL-60 cells, but induced apoptosis from 20 mM and increased the proportion of total apoptotic cells to 86% at 25 mM (29% early apoptotic cells plus 55% late apoptotic and early necrotic cells). Another two derivatives, AglRhz or AglRhz A demonstrated analogous influence on HL-60 cells inducing, respectively, 93% and 62% total apoptotic cells at 5 mM. The fifth compound, AcAglRhz caused no apoptosis in HL-60 cells at the concentrations indicated during a 24 h incubation. We also tested these compounds on different leukemic cell lines. Rhz, AglRhz and AglRhz A induced ca. 55% total apoptosis in THP-1 cells at 5 mM and this was increased to ca. 80% at 20 mM (data not shown). A 20 mM concentration of AcRhz induced only 44% apoptosis of THP-1 cells. Moreover, AcAglRhz under the same conditions had no apoptotic effect on THP-1 cells during 24 h of incubation.
Effect of Rhz or Its Derivatives on the Intracellular Level of Apoptotic Proteins in HL-60 Cells
The relative activities for inducing apoptotic alterations were compared with the protein levels of procaspases in HL-60 cells treated with 10 mM of each of the five Rhzs. At the indicated conditions, the apoptotic rates induced by Rhz, AglRhz, and AglRhz A were, respectively, 31Ϯ5%, 87Ϯ7%, and 80Ϯ4% (Fig. 2C) . After treatment of HL-60 cells with AcRhz or AcAglRhz, total apoptotic levels were only 10Ϯ3% and 6Ϯ2%, respectively. Western blot analysis showed that the expression levels of procaspases-3, -8, -9, and Bid were decreased after treatment of HL-60 cells with 10 mM of Rhz, AglRhz, and AglRhz A, while the same concentrations of AcRhz and AcAglRhz had no significant effects on intracellular levels of the procaspases and Bid proteins. Moreover, the changes in the levels of cleaved caspase-3, -8, and -9 were closely related to the changes in procaspases. Activation of caspase-3 leads to the cleavage of a number of proteins, including PARP. We observed that exposure of HL-60 cells to Rhz congeners elicited similar degradation of PARP and procaspase-3. The loss of detectable procaspases, Bid and PARP proteins was well correlated to the apoptotic rate in HL-60 cells. These results suggest that the procaspases may be converted into cleaved active forms after treatment of HL-60 cells with these sphingolipids.
For further detailed investigation of apoptosis in leukemic cells, we chose Rhz as the basic compound and AglRhz as the strongest Rhz derivative. As shown in Fig. 3B , Rhz noticeably decreased procaspases-3, -8, -9, and Bid protein levels, and induced the cleavage of PARP in a dose-dependent manner. Among checked procaspases, the most significant changes were seen in the level of procaspase-8. At a 10 mM concentration of Rhz, protein levels of procaspase-8 almost completely vanished. AglRhz also decreased protein levels of the main procaspases and Bid dose-dependently during incubation with 1, 1.5, and 2 mM concentrations (Fig. 3B) . The apoptotic rate reached 60% of total cells at 1.5 mM of AglRhz. At this concentration, procaspase-3, and -8 levels were dramatically decreased but the protein levels of procaspase-9 and Bid were not decreased as much as those of procaspases-8 and -3, although the decrease of procaspase-9 and Bid levels was significant. Therefore, these results indicate that apoptosis induced by Rhz and its derivative is mainly mediated through caspase-8 and caspase-3 activation pathways, although caspase-9 activation pathway is involved in Rhz-induced apoptosis.
Next, we tested the time-dependent effect of Rhz and AglRhz on the apoptotic rate and levels of procaspases in (Fig. 4B) . In addition, a more pronounced decrease in the levels of procaspases-8 and -3 was also detected in AglRhz-treated cells.
To determine if activation of caspase-like proteases is necessary for apoptosis induced by Rhz, caspase inhibitors were used to block intracellular proteases. HL-60 cells were treated for 24 h with z-DEVD-fmk, a caspase-3 inhibitor, alone or in combination with Rhz or AglRhz. z-DEVD-fmk abrogated the effect of Rhz and AglRhz on apoptosis (Fig.  5) . z-IETD-fmk or z-LEHD-fmk, inhibitors of caspase-8 and caspase-9, respectively, significantly inhibited Rhz and AglRhz effects on apoptosis, but the effect by z-LEHD-fmk was not as strongly as by caspase-3 and caspase-8 inhibitors. These results further support the ability of Rhz to activate the caspase-dependent apoptotic cascade.
Disruption of Mitochondrial Transmembrane Potential (D DY Y m) by Rhz and Effect of Antioxidants on
Rhz-Induced apoptosis in HL-60 Cells Our results showed that the level of mitochondrial proteins Bid and procaspase-9 significantly decreased after treatment of HL-60 cells with Rhz or AglRhz, which indicates that the mitochondrial pathway may be critical for initiating apoptotic death by these sphingolipids. To further elucidate the role of mitochondria in the induction of apoptosis in response to Rhz or AglRhz, we first examined changes in mitochondrial membrane permeability using a DiOC 6 (3) staining assay. As shown in Fig. 6A , after treatment with 20 mM of Rhz and 1.5 mM of AglRhz the permeability of mitochondria extensively decreased (pretreatment; 93Ϯ5% vs. post-treatment: 32Ϯ6% and 45Ϯ5%, for Rhz and AglRhz, respectively). Thus, Rhz-and AglRhz-induced apoptosis could involve activation of a mitochondria pathway. It is well-known that mitochondria are sensitive to changes in cellular redox state, and reactive oxygen species (ROS) can cause mitochondrial dysfunction. In order to investigate whether the production of ROS is key to sphingolipid-induced apoptosis, we tested the effect of several main ROS-inhibitors on Rhz-induced mitochondrial permeability changes. We pretreated HL-60 cells for 1 h with Nacetylcysteine (NAC), glutathione, or dipheneylene iodonium (DPI). NAC and glutathione did not significantly inhibit Rhzand AglRhz-induced mitochondrial membrane permeability changes. In contrast, a low concentration of DPI, an inhibitor of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, enhanced mitochondrial membrane permeability changes in the presence but not in the absence of Rhz or AglRhz. These results are consistent with the changes we ob- Fig. 6B , NAC, glutathione, and superoxide dismutase had no effect on Rhz-induced apoptosis. However, DPI increased the apoptotic rate although DPI alone had no cytotoxic effect on untreated cells. In contrast, a structurally distinct NADPH oxidase inhibitor, apocynin, 17) did not affect the apoptotic rate induced by Rhz in HL-60 cells. Moreover, the decrease in protein levels of procaspases by Rhz was augmented by DPI rather than abrogated. These results suggest that Rhz might cause nonoxidative rather than oxidative cytotoxicity to HL-60 cells.
Effects of Sphingomyelinase Inhibitors on Rhz-Induced Apoptosis
The breakdown of complex sphingolipids results in the formation of ceramide. Acid sphingomyelinase (SMase) and/or neutral SMase contribute to ceramide generation. Desipramine and 3-O-methyl-sphingomyelin (methyl-SM), an acid and a neutral SMase inhibitor, respectively, 18) further increased apoptosis of HL-60 cells in the presence of Rhz or AglRhz rather than prevented it (Fig. 7) . The decrease in protein levels of procaspases-3 was also more prominent in HL-60 cells treated with desipramine or methyl-SM in the presence of Rhz than in cells treated with Rhz alone. However, the decrease in procaspase-9 level in the presence of Rhz was not enhanced by desipramine or methyl-SM. These results suggest that Rhz-induced apoptosis is related to SM metabolism, which affects the caspase-8 pathway.
DISCUSSION
The effect of exogenous sphingolipids on cancer cells in vitro has not been reported. Using HL-60 cells, we confirmed that Rhz suppresses the growth of leukemic cells. An analysis of structure-activity relationship generated by mass spectrometry and nuclear magnetic resonance spectroscopy showed that Rhz consists of a C 28 linear carbon skeleton with amino groups at C-2 and C-27, one glycosylated and one unsubstituted hydroxyl groups at C-3 and C-26, and a ketone at C-18. This study showed that the different sensitivities of HL-60 cells to Rhz may be attributed to structural differences between Rhz congeners. Cell cycle analysis revealed that the aglycon type of Rhz induces apoptosis as evidenced by the appearance of a sub-G 1 fraction compared to Rhz and AcRhz. Moreover, dose-and time-dependence experiments showed similar results and the addition of AglRhz and AglRhz A at low concentrations decreased the levels of procaspase-8, -9, and -3 proteins, whereas AcRhz and AcAglRhz did not significantly influence the level of proteins that drive apoptosis. These results indicate that AglRhz is the most potent derivative of Rhz.
Rhz was formally classified as a glycolipid, but the galactosyl residue is not on the same hydroxyl as in cerebrosides. The observed apoptotic activity of Rhz appeared to relate to the presence or absence of the galactosyl residues. The less apoptotic activity of the Rhz compared to that of AglRhz may be due to the presence of the galactosyl residue in Rhz, while AglRhz has the unsubstituted hydroxyl group in the same position. The D-galactose is the most common sugar encountered among the Rhzs from the sponge R. insrustata. 7) Hydrolysis of Rhz yields the aglycon derivatives. Results of the present study show that aglycon derivatives are more potent than Rhz in inducing apoptosis of HL-60 cells. Since aglycon derivatives of Rhz or Rhz A may be more permeable through HL-60 cell membranes than Rhz or acetate Rhz, the aglycon derivatives may be more potent for inducing apoptosis. AglRhz A was produced by hydrolysis of Rhz A, the 2-ethyl-carbamoate form of Rhz, and had a potency similar to that of the tested AglRhz, suggesting that the addition of an ethyl-carbamoate chain may not significantly affect the apoptosis-inducing effect of Rhz. It has been reported that the presence of acetyl groups usually increases cytotoxic potency. 19) Our study also indicated that the acetyl group in Rhz may play a significant role in Rhz's cytotoxicity and caspase activation since AcRhz and AcAglRhz had less potent effects than Rhz and AglRhz on cytotoxicity, cell cycle changes, caspase activation, and apoptosis.
The apoptosis induced by Rhz and its derivatives is consistent with an increase in the hydrolysis of the inactive procaspases observed in lysates from Rhz-treated cells and an increase in mitochondrial membrane permeability. There are two well-characterized apoptotic pathways in mammalian cells, referred to as the death receptor (extrinsic) and mitochondrial (intrinsic) pathways. In order to know which caspase activation pathway is associated with cell death, selective inhibitors of caspases were used. In this study, Rhzinduced apoptosis was almost completely abolished in z-DEVD-fmk (caspase-3) or z-IETD-fmk (caspase-8)-pretreated cells and partially inhibited by z-LEHD-fmk (caspase-9), which supports a caspase-dependent cell death mechanism. Another notable target of caspase-8 is Bid. Activated caspase-8 induces the cleavage of Bid to yield a truncated fragment that triggers mitochondrial membrane perme- ability and cytochrome c-mediated caspase activation. This treatment also caused a decrease in the amount of the proform of Bid, which represents indirect evidence of protein truncation/activation. The observation that Bid was cleaved in response to Rhz suggests the possible activation of caspase-8, since Bid is a substrate of this caspase. We found that z-IETD-fmk was significantly more effective than z-LEHDfmk in preventing apoptosis induced by Rhz treatment, and the decrease in protein levels of procaspases-8 and -3 was more prominent than the decrease in procaspase-9 levels. These results suggest that Rhz induces apoptosis in HL-60 cells, possibly via a mechanism that includes mitochondria and a caspase-dependent apoptotic cascade, and caspase-3 activation is mainly mediated through this intrinsic pathway.
Elevation of ROS levels can initiate apoptosis. It has been shown that ROS are generated in undifferentiated HL-60 cells through the activation of NADPH oxidase in response to various stimuli. 20) Our study showed that antioxidants, including NAC, superoxide dismutase, and glutathione, failed to prevent apoptosis induced by Rhz. However, under DPI and Rhz or AglRhz co-treatment, DPI significantly potentiated apoptosis of HL-60 cells. In contrast, apocynin failed to augment Rhz-induced apoptosis. Actions of DPI in the absence of Rhz probably result from interactions with mitochondrial enzyme complexes because the addition of DPI with Rhz increased mitochondrial membrane permeability. Redox-regulated release of Ca ϩϩ can promote activation of caspase and induce apoptosis. 21) We found that the apoptosis induced by Rhz or Rhz plus DPI was not abrogated by EGTA or BAPTA-AM, chelators of Ca ϩϩ (data not shown). The generation of extracellular ROS was suppressed by DPI but this agent accelerated apoptosis in A23187-treated HL-60 cells. 22) Other groups have also suggested that the ROS generated by NADPH oxidase plays an essential role in the survival of undifferentiated HL-60 cells. 23) Others showed that high concentrations of DPI (50-100 mM) induced apoptosis of HL-60 cells by producing mitochondrial superoxide and decreasing the mitochondrial membrane potential. 24) However, we observed that a relatively low concentration of DPI (5 mM) was not able to induce apoptosis in the absence of Rhz. It has been shown that ROS production can inactivate caspase through the oxidation of the cysteine residues at the enzyme's active sites. 25) Since DPI can also inhibit a wide range of other flavin-containing enzymes, we speculate that NADPH oxidase can be ruled out as a possible DPI target. Overall, our study suggests that pro-oxidant activity may not be involved in Rhz-induced apoptosis.
Sphingolipid analogs may act by altering normal sphingolipid metabolism, or by interacting as agonists or antagonists with sphingolipid-binding sites in regulatory processes. Sphingosine appears to act in a similar fashion to ceramide, which is known to be a strong pro-apoptotic signaling mediator. 26) On the other hand, sphingosine introduced into a cell is rapidly phosphorylated to sphingosine 1-phosphate, which exerts pro-survival effect on cells. Our study showed that inhibitors of SMase enhance Rhz-induced apoptosis of HL-60 cells. It was reported that desipramine causes the non-oxidative apoptotic damage to different types of human colon carcinoma cells through either a non-mitochondrial or a mitochondrial pathway. 27) Activation of SMase results in formation of ceramide-enriched membrane platforms that trap and cluster signaling proteins. Fas receptors become concentrated in the macrodomains. 28 ) Therefore, we speculate that the change in membrane permeability due to glycosylated or acetylated Rhz analogs may not allow exogenous addition of Rhz to alter their intracellular levels.
We previously observed that Rhz exhibited antifungal activity against the fluconazole-resistant yeast, Candida glabrata but its derivatives, such as Rhz C and Rhz D, were not active under the same condition. 7, 11) From these results, we concluded that the minimum Rhz structure necessary for apoptosis induction in HL-60 cells is one possessing a twoheaded sphingosine. Moreover, our study suggests that the aglycon derivatives of Rhz or its analog AglRhzA induce apoptosis more effectively than intact Rhz or its peracetylated derivatives, which makes the former better analogs of two-headed sphingolipids than the intact toxin as anti-tumor agents. Glycosylation or acetylation of at least one of these hydroxy-groups significantly diminished pro-apoptotic activity of these compounds.
